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ABSTRACT

Ferrate (molecular formula, FeVIO42-) has been studied increasingly since the 1970s as a
disinfectant and coagulant for domestic wastewater and also as an oxidant for industrial
wastewaters (Murmann and Roginson, 1974, Gilbert et al., 1978, Kazama, 1994, Jiang et al.,
2002, and Sharmaet al., 2005). This research was performed to explore whether ferrate could
possibly be used as chemical treatment for industrial wastewaters from plastic, chemical, dye,
soap, and wood stain producing plants that contain 2, 4-Dinitrophenol (DNP). DNP is listed on
the United States Environmental Protection Agency (EPA) Drinking Water Contaminant
Candidate List (CCL). This list includes compounds which are not currently regulated at the
national level, but there is a growing concern for the harm they may cause to the environment.
Therefore, the EPA prioritizes these compounds and conducts extensive research to determine if
these compounds should be regulated (USEPA, 2005).
The effects of Ferrate on DNP were evaluated during these experiments. The effect of
various dosages of Ferrate and different pH values was monitored over 17 minutes using UV 254
to determine the extent of oxidation of 300 mg L-1 DNP. Removal of DNP at all pHs and
dosages was noted, however, a pH of 4 and a molar ratio of 14: 1 (Ferrate to DNP) removed the
highest percentage of DNP at 87.3. The by-products of the 3.5 and 14: 1 molar ratio of Ferrate to
DNP reactions at a pH of 4 and their toxicity were determined by measuring biochemical oxygen
demand 5 day (BOD5), dissolved organic carbon (DOC), chlorine residual and chemical oxygen
demand (COD), and gas chromatography/mass spectrometry (GC/MS) analysis. The BOD5
indicated toxicity, either from the residual chlorine or the organisms used for seeding not being
acclimated to DNP and by-products. DOC of the 3.5 : 1 molar ratio was higher than calculated
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values indicating more ring breakage than was originally measured by UV 254. DOC of the 14:
1 molar ratio experiment was lower than calculated values, which indicated human error in
measuring the DNP concentration. The chlorine residual was high for both experiments, 112 and
594 mg L-1, for the 3.5 and 14: 1 molar ratios, respectively. COD was unable to be measured
due to chloride interference. The GC/MS data showed several chlorine-substituted benzene rings
as well as carbon tetrachloride for the 3.5:1 molar ratio DNP experiments. The 14:1 GC/MS data
indicated much more ring breakage with carbon tetrachloride, a substituted butane chain, many
unknown straight chain chlorinated compounds and dichloro-pentane isomers as by-products.
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CHAPTER 1: INTRODUCTION
Ferrate has been recognized as a strong oxidant since the early 1950s . More recently,
Ferrate has been found to be an effective disinfectant for drinking water and wastewater
treatment. The iron in Ferrate (FeO42-) has an oxidation state of (+6). Wood (1958) found the
reduction potential of Ferrate in acidic conditions when reduced to Fe (III), to be 2.20 volts (V),
which is the highest of any oxidant used in wastewater treatment (Sharma, 2004). Ferrate is
considered to be a “green oxidant” because the by-products of the reaction of Ferrate and water
are molecular oxygen and Fe (III) and are non-toxic (Waite and Gilbert, 1978; Waite, 1979;
Waite and Gray, 1984; Carr et al., 1985; Lee and Chen 1991; Lee and Gai, 1993; White and
Franklin, 1998; Johnson and Sharma, 1999; Jiang et al., 2001; Read et al., 2001; Read et al.,
2003; Jiang and Lloyd, 2002).
The destruction of organic compounds such as benzene, chlorobenzene, allylbenzene, and
1-hexene-4-ol by Ferrate has been measured by Waite and Gilbert (1978). The authors found
that at a pH below 8, the substrates were greatly reduced in concentration when dosed with
Ferrate. For example, at a molar ratio of 5.6 to 1, Ferrate to allylbenzene, 78% of allylbenzene
was oxidized. Phenol, on the other hand can be oxidized 100% at pH 8 and 10 to 1 molar ratio.
DNP is found in industrial wastewaters from plastic, chemical, dye, soap, and wood stain
producing plants (Kavitha and Palanivelu, 2004). As a result of being discharged in industrial
effluent, DNP can be found in groundwater and rivers. DNP is listed on the United States
Environmental Protection Agency (EPA) Drinking Water Contaminant Candidate List (CCL).
This list includes compounds which are not currently regulated at the national level, but have
been identified as possibly harmful to the environment. The pollutants on the CCL undergo
testing to determine if they should be regulated. Currently, the known health effects to long-term
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oral exposure to DNP are dizziness, weight loss, cataracts, skin lesions, and adverse effects on
bone marrow, the central nervous system, and the cardiovascular system (USEPA, 2005).
1.1 Experiment Objectives
Because DNP is frequently observed in the environment and because of the recognized
effectiveness of Ferrate in treating similar compounds, the goal of this research was to determine
the effectiveness of Ferrate in oxidizing DNP, and to determine whether Ferrate is suitable for
use on industrial wastewaters containing DNP. Experiments looked at DNP in DI water as a
screening approach for more complex wastewaters which contain DNP.
Testing was performed to determine an optimal reaction pH, time, and dose for removal
of DNP by Ferrate. Selected values above and below the stoichiometric amount of Ferrate
required for complete mineralization of DNP to carbon dioxide (CO2) were tested to explore the
effect of Ferrate dose on DNP removal. The pH values tested were 2, 4, 6, and 8.
Kinetic experiments were performed at pH values 4, 6, and 8 with the molar ratio of 3.5:
1 Ferrate to DNP. The objective was to determine a rate constant for the reaction of Ferrate and
DNP at different dosages and pH values. The by-products of two experiments (one value above
and below the stoichiometric amount of Ferrate to mineralize DNP), the 3.5 and 14: 1 Ferrate to
DNP experiments, and their toxicity were determined by measuring a biochemical oxygen
demand 5 day (BOD5) a chemical oxygen demand (COD), and dissolved organic carbon (DOC).
To quantify and identify the by-products, gas chromatography/mass spectrometry (GC/MS)
analysis was performed by a state-certified laboratory.
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CHAPTER 2: LITERATURE REVIEW

2.1 Ferrate Production

In the last thirty years, Ferrate has been studied as an oxidant, disinfectant, and coagulant
for water and wastewaters (Gilbert and Waite, 1978; de Luca et al., 1992; Sharma, 2007; Jiang,
2007; Jiang and Lloyd, 2002). Ferrate (FeO42-) contains iron in the +6 oxidation state. Ferrate
has the highest redox potential (under acidic conditions) of any oxidant used in wastewater
treatment, at 2.2 volts (Sharma, 2004). Equation 1 shows the mechanism by which Ferrate
oxidizes pollutants under acidic conditions (Wood, 1958).
FeO42− + 8H + + 3e − → Fe 3+ + 4 H 2 O

(1)

Under alkaline conditions, the reaction proceeds as seen in equation 2, with a reduction potential
of 0.72 volts.

FeO42− + 4 H 2 0 + 3e − → Fe(OH ) 3 + 5OH −

(2)

Three methods are used to prepare Ferrate, dry methods, wet methods, and
electrochemical methods. One dry method produces sodium Ferrate (Na4FeVIO5) (Scholder et
al., 1956; Scholder 1962; Perfiliev and Sharma, 2004). Sodium peroxide and ferric oxide at high
temperatures, high molar ratio, and dry oxygen conditions (in a dry glove box in the presence of
diphosphoruspentoxide, P2O5) react to yield sodium Ferrate (Kopelev et al., 1992; Dedushenko
et al., 2001; Kiseleve et al., 1989). Another dry method produces either potassium or cesium
Ferrate, where iron oxide powder and potassium or cesium superoxides react (Perfiliev and
Sharma, 2004). Lastly, Ferrate can be formed with the formula M(Fe, X)O4, where M is two
atoms of Na or K, or one atom of Ca, or Ba, and X is the atoms whose cation has the structure of
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a rare gas (Perfiliev and Sharma, 2004). These types of Ferrates are synthesized at room
temperature using iron (II) or iron (III) salt with an oxidant containing chlorine in a strong base
such as ash or soda (Neveux et al., 1999).
The second method used to synthesize Ferrate is the wet method. The method used for
the experiments in this thesis was the wet method described by Thompson et al. (1951) for
sodium Ferrate. Ferric chloride is reacted with sodium hypochlorite in a basic solution as seen in
Equation 3:
2 FeCl3 + 3 NaOCl + 10 NaOH → 2 Na 2 FeO4 + 9 NaCl + 5 H 2 O

(3)

If Potassium Ferrate is to be precipitated, the reaction is shown in Equation 4:
Na 2 FeO4 + 2 KOH → K 2 FeO4 ↓ +2 NaOH

(4)

Alkali metal Ferrates can also be obtained from the reaction of ferric chloride or ferric
nitrate with sodium hypochlorite in the presence of sodium hydroxide. Again, to precipitate
potassium Ferrate, potassium hydroxide can then be added. Alkaline earth metal Ferrates
(barium or strontium) are produced by the reaction of an alkaline earth metal chloride with
Potassium Ferrate at 0˚ C (Herber and Johnson, 1979; Gump et al., 1954). Purified samples are
produced by rapid filtration of strontium and barium Ferrate. Carbonate impurity is eliminated
by using carbon dioxide free water and inert atmosphere. Mixed cation Ferrates such as
potassium-sodium double Ferrate salt and potassium-strontium double Ferrate salt can also be
produced. The first is produced by adding KOH to 40% NaOH containing 0.1 M Ferrate. The
crystals that precipitate are separated and washed with cold alcohol and dried under a vacuum
(Dedushenko et al., 2001). The latter is synthesized by precipitating with an alkaline solution of
nitrate from a slightly alkaline solution of potassium Ferrate (Dedushenko et al., 2001).
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The third method to synthesize Ferrate is the electrochemical method. Anodic iron in
NaOH is oxidized to iron (VI) by setting an appropriate anode potential (Denvir and Pletcher,
1996; Bouzek et al., 2000). The reaction uses electrons as ‘clean’ reactants and produces
dissolved iron (VI) product (Sharma et al., 2005). The disadvantages include low yield and
difficulty in separating the product in solid form (Lescuras-Darrou et al., 2002).

2.2 Ferrate Reactions

Ferrate has been shown to oxidize nitrogen and sulfur containing compounds very
quickly. The half-lives of hydrogen sulfide, thiourea, thioacetimide, cyanide and thiocyanate are
pH dependent and the reactions proceed more rapidly as pH decreases (Sharma et al., 2005). For
example, at a pH of 7, the reaction of Ferrate with sulfur-containing pollutants has a half-life of
0.26 milliseconds (ms). The same reaction at pH 9 has a half-life of 9.62 ms.
The ability of Ferrate to act as a coagulant and oxidant make it more attractive than other
chemicals used in wastewater treatment such as aluminum sulphate, ferric chloride, potassium
permanganate and chromium trioxide (Delaude and Laszlo, 1996; Jiang et al., 2001; de Luca et
al., 1992). De Luca et al. (1983) compared Ferrate to alum coagulation and found that Ferrate
removed a higher percentage of trichloroethylene, naphthalene, 1, 2-dichlorobenzene, and
bromodichloromethane when coupled with paddle or gas flocculation than alum.
Ferrate has also been used to oxidize nitrogen-containing compounds. Sharma (2004)
found that the reaction between Ferrate and nitrogen or sulfur-containing pollutants follows firstorder reaction kinetics with the rate of reaction increasing with a decrease in pH. The protonated
form of Ferrate, HFeO4-, reacts more quickly than the non-protonated form, explaining why
reactions oxidize faster with a decrease in pH. At stoichiometric values, Ferrate was able to
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oxidize hydrogen sulfide, thiourea, thioacetamide, cyanide, and thiocyanate to non-hazardous
products. Ferrate also reduces to Fe3+, another harmless by-product (Sharma, 2007). Goff and
Murmann (1971) found that the spontaneous decomposition of Ferrate in water forms molecular
oxygen.
Ferric hydroxide (Fe(OH)3) is also produced as a by-product of most Ferrate reactions
which promotes coagulation (Potts and Churchwell, 1994; Stupin and Ozernoi, 1995; Neveux et
al., 1999; Jiang and Wang, 2003). Ferrate aids in the coagulation process by destroying the
organic coating on particles. During coagulation, the floc size is larger when using Ferrate as
opposed to alum, suggesting that Ferrate is a better coagulant because of reduced turbidity seen
in highly organic waters (Ma and Liu, 2002; Sharma et al., 2005).
When used as a disinfectant, studies have shown that Ferrate is more effective than
chlorine in reducing spore-forming bacteria (Franklin, 1998). In addition, Ferrate is
advantageous because it can be effective over a wide pH range (Sharma, 2007). Using Ferrate as
a disinfectant does not produce carcinogenic or mutagenic by-products (de Luca et al., 1983).
Interest has also focused on the reaction of Ferrate with various organic compounds.
Waite and Gilbert (1978) studied the effect of Ferrate on benzene, toluene, zylene,
chlorobenzene, nitrobenzene, aniline, allylbenzene, and phenol. The reactions were tested at
different dosages of Ferrate and at different pH values. There was oxidation of each compound
at all dosages and pH values tested. The oxidation was more pronounced with higher Ferrate to
pollutant molar ratios, approximately 10:1 or higher for phenol and 3:1 for the other pollutants.
At pH values lower than 8, the reactivity of the reaction increased, except for phenol and aniline,
which proceeded best at 8.
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Another study performed by Graham et al. (2004) found the degradation of phenol by
Ferrate at molar ratios of 5:1 (Ferrate:phenol) to be greatest at pH 9.2. The degradation greatly
decreased at a pH of 11, most likely due to the low reactivity of Ferrate (Graham et al., 2004).
Similarly, the reaction of Ferrate and 4-chlorophenol (4-CP) removed 100% 4-CP at pH 9.2 and
molar ratios greater than 6:1 (Graham et al., 2004). The reaction of Ferrate with 2, 4dichlorophenol (DCP) was effective over a larger pH range, between 5.8 and 9. The highest
percentage of degradation, approximately 87%, for this compound was seen at pH 8-8.5 (Graham
et al., 2004). Very different results were obtained for the reaction between Ferrate and 2, 4trichlorophenol (TCP). The pH range for the highest degradation was 5.8-7. Above 7, the
degradation of 2, 4 TCP decreased. The molar ratio of 5:1 again gave the highest percent
degradation at approximately 87% (Graham et al., 2004).
Phenol and Napthalene were also 100% degraded during a study performed by DeLuca et
al. (1983). Trichloroethylene was also significantly degraded at 96.2% in this study.
Compounds which were not significantly oxidized included nitrobenzene,
bromodichloromethane, and dichlorobenzene. No specific information about Ferrate dose was
given.
Two oxidation methods, Fenton’s reagent and Ferrate, treating mature leachate from
landfills, were compared in a study by Batarseh et al. (2006). Leachate contains organic material
such as humic substances, which are natural organic compounds thought to be precursors of
disinfection byproducts (DBPs), and xenobiotic compounds which are potential carcinogens.
Fenton’s reagent is an advanced oxidation method which uses hydrogen peroxide and ferrous
iron to produce the hydroxyl free radical. Like Ferrate, Fenton’s reagent may also act as a
coagulant because of the ferrous iron produced (Zhang et al., 2006). Overall, Fenton’s reagent
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reduced DOC and COD more than Ferrate, and produced more readily biodegradable byproducts (Batarseh et al., 2006). Both oxidation methods were found to remove organic material
by chemical and physical processes. The lower the pH, the greater removal of organics. Ferrate
was advantageous because it was active over a wider pH range. Both processes reduced leachate
organic content to acceptable discharge limits. Fenton’s reagent could be used as a pretreatment
to biological treatment, while Ferrate should be used where biodegradable by-products are not
required (Batarseh et al., 2006).
Removing humic substances (HS) and fulvic acids (FA) with Ferrate has also generated
attention because of its oxidizing and coagulating capabilities. Ultraviolet (UV) radiation at a
wavelength of 254 nanometers (nm) was used to determine the amount of HS and FA removed
by Ferrate in a study by Jiang and Wang (2003). UV 254 is used in wastewater measurements
because it generalizes the amount of organic matter in a water source, including humic
substances, lignin, tannin, and various aromatic compounds (Tchobanoglous et al., 2003). Other
characteristics such as DOC, trihalomethane (THM) formation, and color absorbance at 500 nm
were measured during their experiments. The proper dosage of Ferrate and pH of the reaction
between Ferrate and HS and FA were optimized. The Ferrate dosages ranged from 0-20 mg L-1,
and the pH values tested were 4, 5, 6, and 8. The effectiveness of Ferrate was tested against the
performance of ferric sulfate (FS) to reduce the compounds listed above. Ferrate performed
better than FS at removing DOC at pH 6 and 8 and a dosing range of 2-12 mg L-1 as Fe. Over a
dosing range of 2-14 mg L-1 as Fe and pH 6 and 8, Ferrate also removed more UV 254-absorbing
compounds. Ferrate was successful at removing color at all pHs and at dosages of 6 mg L-1 or
greater. At low dosages, Ferrate was superior to FS for preventing THM formation, although at
higher dosages of Ferrate, THM formation increased, while for FS, THM formation remained
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constant. This study was important because it showed that Ferrate was superior to FS in
removing natural organic matter (NOM), which can produce disinfection by-products (DBPs)
when reacting with chlorine.
A follow-up study was published by Jiang et al., in 2005. The study focused on findings
of the previous study as well as the comparison of Ferrate and FS in inactivation of E. coli, total
COD, and dissolved COD. Ferrate required a much lower dosage requirement of 6 mg L-1 as Fe
to inactivate 100% E. coli, while FS with chlorine required either 4 or 8 mg L-1 as Fe, and 10 or 8
mg L-1 as Cl2, respectively. COD removal greatly increased with use of Ferrate as opposed to FS
or alum (AS). At the highest dosage, Ferrate removed approximately 20 and 28% more COD
than FS or AS, respectively. Dissolved COD removal was also greater using Ferrate, although
not to the extent of total COD. At pH 5 and 7, Ferrate inactivated more bacteria than AS or FS.
Fecal and total coliform were reduced by 1-log10 with AS or FS, and by 4-log10 with Ferrate.
Lastly, less sludge was produced, while more pollutants were removed, when Ferrate was used
as a coagulant. The same concentrations of AS and FS were used as Ferrate, in millimoles (mM)
as aluminum or Fe, respectively. At lower dosages, Ferrate still produced less sludge and
removed more pollutants. These experiments further confirm that Ferrate can be used as an
oxidant, coagulant, and disinfectant.

2.2 2,4 Dinitrophenol (DNP) Review

According to the USEPA (2001), DNP can cause dizziness, nausea, sweating, vomiting,
headaches and weight-loss through short-term oral exposure. Long-term exposure can cause
cataracts and skin lesions, weight loss, and can have adverse effects on bone marrow,
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cardiovascular, and central nervous systems. DNP is used in the manufacture of dyes, wood
preservatives, plastics, and pesticides (Lenke et al., 1992; Marvin-Sikkema and deBont, 1994).
As a result, these nitroaromatic compounds are found in wastewaters, rivers and herbicide- or
pesticide-treated soils (Lenke et al., 1992; Marvin-Sikkema and deBont, 1994). The compound
is difficult to break down chemically and biologically because of its stability with two nitro
groups on a benzene ring (Hess et al., 1990) and high solubility in water (Kavitha and
Palanivelu, 2005).
Traditional methods of wastewater treatment do not easily degrade nitrophenols, so
Kavitha and Palanivelu (2005) used Fenton and photo-Fenton processes to chemically oxidize
nitrophenols. Fenton and photo-Fenton processes are non-specific oxidants and do not provide
complete mineralization of organic compounds. Very little mineralization occurred in the
Fenton experiments, about 30% for the nitrophenols tested, and mineralization decreased with
increasing substitution on the benzene ring. For the photo-Fenton process, mineralization greatly
increased compared to Fenton process alone, to around 93%. Initially, the by-products of the
reaction of DNP and the Fenton processes were oxalic and acetic acids. As the reaction time
proceeded, however, a majority of these acids were mineralized (i.e. 92% mineralization) during
the photo-Fenton process. The nitrogen species remaining after reaction of the Fenton process
were nitrite and nitrate. In the photo-Fenton processes, no residual nitrite was observed, as it
was oxidized to nitrate. The Fenton process by-products contained small amounts of residual
nitrite. Overall, the photo-Fenton process proved better in reduction of nitrophenols than the
Fenton process alone.
Another method to degrade DNP is ultrasound with oxidation processes such as Fenton’s
reagent. Guo et al. (2005) noted that using ultrasound alone is not economically feasible, but
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coupling it with oxidation greatly increases mineralization. Ultrasound produces cavitation
bubbles which increase local temperature as high as 5000˚C and pressure up to 5 x 107 Pa.
Thermal dissolution of organics occurs, and hydrogen and hydroxyl radicals decompose
pollutants. When testing ultrasound alone on the degradation of DNP, the decomposition of
DNP was greater at lower pH than at higher pH. The lower pH did not however, have an effect
on degradation kinetics. When decomposition of DNP was tested using ultrasound and hydrogen
peroxide, the decomposition greatly increased as long as hydrogen peroxide concentrations were
below 300 mg L-1. Guo et al. (2005) hypothesized that the hydrogen peroxide generated more
radicals than ultrasound alone, thus reducing DNP concentrations to a greater extent.
Furthermore, when Fenton’s reagent was used with ultrasound, even greater decomposition of
DNP occurred, up to 98%. When copper was used with hydrogen peroxide and ultrasound
instead of Fe+2, the decomposition of DNP efficiency decreased. In conclusion, ultrasound with
Fenton’s reagent provided the greatest DNP decomposition (Guo et al., 2005).
Another method explored for DNP destruction was electrochemical oxidation with a
boron-doped diamond (BDD) electrode. The effects of pH and initial concentration of wastes on
decomposition was studied (Canizares et al., 2004). Regardless of the starting concentration of
DNP (up to 2.1 mm dm-3), mineralization occurred. Intermediates included phenol, oxalic acid,
and polymeric compounds. Other carboxylic acids were formed, as well as p-aminophenol, pnitrocatechol, hydroquinone, and 1, 2, 4-trihydorxybenzene, but in very low concentrations
(Canizares et al., 2004). Consequently, the proposed mechanism by Canizares et al. (2004) for
the destruction of DNP involved nitro group removal from the ring and phenol or quinine
formation. The phenols or quinones were oxidized to carboxylic acids and then to carbon
dioxide. The pH and initial concentration had no effect on decomposition.
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Supercritical water oxidation (SCWO) of DNP was studied by Perez et al. (2004). The
SCWO process pre-heats waste, subjects it to high pressure in the presence of an oxidant in a
reactor for a given residence time, and then cools the effluent. The primary goals of the authors
were to determine a feasible temperature, residence time, and oxygen excess for DNP removal
and evaluate the destruction of both DNP and ammonia, because many industrial processes use
an ammonia wash. DNP oxidation was not affected by the presence of ammonia. The
temperature to reach destruction percentages of approximately 99% was a minimum of 742°K,
and the residence time was 20-25 seconds. The oxygen requirements to reach 99.996%
destruction of DNP were sub-stoichiometric for complete mineralization. Ammonia conversion
to nitrogen gas (N2) or nitrous oxide (N2O) was much lower than DNP destruction, 37-50%.
Lower temperatures decreased ammonia conversion, while an increase in oxygen slightly
increased ammonia conversion. The main intermediates observed were 2- and 4-nitrophenol and
picric acid, while phenol was only seen at very low oxygen supply (Perez et al., 2004).
Several strains of bacteria have been found in Germany, Korea, and Buenos Aires,
Argentina that degrade DNP in industrial effluents. The premise is that these bacteria use DNP
as their sole nitrogen and carbon source (Lenke et al., 1992; Yoon et al., 2000; Gemini et al.,
2007). Lenke et al. (1992) determined the strain of bacteria to be Rhodococcus erythropolis,
which degraded DNP in both soil and Rhine River water. Concentrations of DNP of 0.5 mM or
higher were toxic to the bacterial strains. The only organic metabolite was dinitrohexanoate,
indicating ring breakage. Under aerobic conditions, nitrite was produced; nitrite was not found
under anaerobic conditions.
To characterize a bacterial strain that degrades DNP, Yoon et al. (2002) compared several
Rhodococcus species and chose DNP505 to study in detail. They found that DNP505 had high
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ability to utilize DNP as the sole carbon and energy source. The bacterial strain worked well
over a pH range of 6-8. It is also aerobic, and does not exhibit oxidase activity. The optimum
temperature range was approximately 25-30°Celsius (C). Based on the characteristics of the
DNP505 strain, Yoon et al. proposed to name the bacteria R. koreensis because the DNA
sequences were phylogenetically related to other Rhodococcus species such as R. opacus, R.
fascians, R. globerulus, and R. erythropolis. This particular strain was found in industrial
wastewater in Cheong-ju, Korea.
Rhodococcus opacus was found in polluted river sediment in Buenos Aires, Argentina
(Gemini et al., 2007). The cultures were used to eliminate nitrite after DNP degradation. The
bacteria were able to degrade up to 1.62 mM DNP. Nitrite was released in amounts greater than
what was needed for biomass production. To eliminate the nitrite, an anoxic process was added
after biodegradation. No nitrite was detected after the anoxic process. Furthermore, toxicity was
indicated after biodegradation, attributed to nitrite, but there was no toxicity after the anoxic
process.
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CHAPTER THREE: METHODS
3.1 Introduction

Dinitrophenol (DNP) is a component of industrial wastewaters from pesticide, dye, and
textile manufacturers. Because of their stability with two nitro groups on a benzene ring (Hess et
al., 1990) and high solubility in water, nitrophenols are difficult to degrade by traditional
methods (chemical and biological) of wastewater treatment (Kavitha and Palanivelu, 2004).
Ferrate may serve as a method of treatment in the industrial wastewater field. This chapter
provides methodology employed to examine DNP removal by Ferrate.

3.2 pH Optimization

Reagent grade 2, 4-dinitrophenol was obtained from Fisher Scientific (Alfa Aesar brand)
with chemical purity >99%. The compound was stabilized with approximately 34.9% water.
For reaction studies a solution of ~300 mg L-1 was made by dissolving 0.461 g of the reagent
grade DNP in 1 L distilled water in a volumetric flask while stirring and heating. The solution
was kept in the dark at room temperature and was mixed every two days to two weeks.
DNP was measured using Standard Method 6910 B at a wavelength of 254 where the
benzene ring absorbs greatest. UV 254 has been found to be a specific indicator of benzene
carboxylic acids and phenols (Owen et al., 1995). As pH, aromaticity, total carbon content, and
molecular weight increase, so does UV absorbance (Chen et al., 1977). Singer (1999) also noted
that UV 254 is a good representation of aromatic carbon content. UV 254 was used so that many
samples could be rapidly screened during the reaction period.
A standard curve was made using 100 mg L-1 DNP stock solution and diluting to
concentrations between 0.2 and 2.5 mg L-1 for the HACH 4000 spectrophotometer (Loveland,
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CO) (Figure 1). The first set of duplicate experiments with the low dosages of Ferrate at pH 2, 4,
6, and 8 were performed on the HACH 4000. All other experiments were performed on the

Aromatic Concentration, mg/L

3
y = 2.3416x + 0.0486
2.5

R2 = 0.9947

2
1.5
1
0.5
0
0

0.2

0.4

0.6

0.8

1

1.2

Absorbance

Figure 1. Standard Curve for the HACH 4000, 0-2.5 mg L-1.

HACH 5000. The 100 mg L-1 solution was made by dissolving 0.1536 g of DNP in 1 L distilled
water while being heated and stirred.
Figures 2, 3, and 4 show the standard curves for the HACH 5000. The standard
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Figure 2. HACH Standard Curve for concentrations 0.2-2.5 mg L-1.
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Figure 3. HACH 5000 Standard Curve for 3-6 mg L-1.
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Figure 4. HACH 5000 Standard Curve for 4.5-10 mg L-1.

curves were again made by diluting a 100 mg L-1 DNP solution to concentrations between 0.2 to
10 mg L-1.
The reaction for complete mineralization of DNP by Ferrate is seen in equation 5.

3C 6 H 4 N 2 O5 + 28FeO42− + 134 H + → 18CO2 + 73H 2 O + 6 NO3− + 28 Fe 3+

(5)

The molar ratio is 28 moles of Ferrate to 3 moles DNP.
Ferrate was prepared using the wet oxidation method described by Thompson et al.
(1951). Equation 3 (from section 2.1) shows the basis of the reaction.
2 FeCl3 + 3NaOCl + 10 NaOH → 2 Na 2 FeO4 + 9 NaCl + 5 H 2 O

(3)

The concentration of Ferrate was measured using an Ocean Optics ISS-UV-VIS (Dunedin, FL) at
a wavelength of 510 nm. Beer’s Law, Equation 6 was used to calculate the
C=

A
ε xl

(6)
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concentration of Ferrate, where C = concentration in moles L-1 (M), A is absorbance (at 510
nm), ε = extinction coefficient (1150 M-1 cm-1) (Lee et al, 2004), and l is the cell path length (1
cm).
A predetermined volume of either 0.25-L or 0.5-L of the 300 mg L-1 2, 4 DNP solution
was dosed with Ferrate at 0.2-0.5 moles of Ferrate:1 mole DNP in a 0.4-L or 0.6-L glass beaker
with a magnetic stir bar. Ferrate was then added to DNP at time 0. After the pH stabilized with
the Ferrate and DNP mixture (approximately one minute or less), the pH was immediately
adjusted to a target value of either 2, 4, 6, or 8 using 5 N sulfuric acid. The reaction after pH
adjustment was allowed to proceed for 15 minutes, during which samples were taken for
spectroscopy analysis at 2, 7, 12, and 17 minutes. The samples were diluted to be read within the
range of the instrument. Two replicates were taken from each sample. The experiments were
run in duplicate.

3.3 Evaluation of the Kinetic Rate of Reaction of Ferrate with 2, 4 DNP

Kinetic experiments were run with higher doses of ferrate ranging from 3.5 to 6 moles of
Ferrate:1 mole DNP in a 0.4-L glass beaker with a magnetic stir bar. The pH was immediately
adjusted to approximately 4, 6, or 8 using 5 N sulfuric acid. The rate of DNP removal was again
measured using UV-254 as described in Standard Methods (1998) with the HACH 5000.
Samples were diluted to be read within range of the instrument. UV measurements were taken
immediately after pH adjustment at 2, 7, 12, and 17 minutes. The experiments were run in
duplicate.
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3.4 Dose Optimization

After a pH of 4 was determined to be the best reaction pH (see section 4.3), higher
dosages of Ferrate near and above the stoichiometric amount (3.5, 5.1, and14:1, Ferrate: DNP
molar ratio) were tested to determine the percent removal of DNP. Experiments were performed
as stated in sections 3.2 and 3.3.

3.5 Reaction Products

After the optimal reaction time and pH were determined, the 3.5 and 14 molar ratio of
Ferrate required for complete destruction was added to DNP solutions and BOD5 and DOC were
conducted according to Standard Methods (APHA, 1998) in duplicate. COD and chlorine
residual tests were performed on the 4.7: 1 Ferrate: DNP molar ratio experiments. COD was
measured using HACH pre-made vials with a range of 20-1500 mg L-1 COD. Approximately 2
mL of each sample were placed in the vial and allowed to digest for 120 minutes at 150˚C. A
500 mg L-1 KHP standard and the original 300 mg L-1 solution of DNP were also analyzed. The
vials were cooled to room temperature and the COD values were read using the HACH 5000,
Method 8000.
DOC was performed on each of the samples with the Phoenix 8000 TOC Analyzer
(Mason, OH). KHP standards of 0.5, 1, 2, 5, 10, and 20 mg L-1 were used to create a standard
curve. The samples were filtered using a 0.45-μm glass filter fitted to an Erlenmeyer flask
equipped with a hose connection and a glass vacuum filter holder. Forty mL of the filtered
sampled were placed in vials topped with foil and capped.
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Secondary effluent from the Iron Bridge Water Reclamation Facility in Oviedo, FL was
used for the seed in the BOD5 experiments. Dilution water was made using HACH BOD nutrient
buffer pillows. Five buffer pillows were mixed with 20 L of distilled water and the mixture was
aerated over night before each experiment. Samples were mixed in 300-mL BOD bottles with
glass stoppers. Approximately 1 mL of secondary effluent was used in each sample that required
seed. An aliquot from each experiment was pH adjusted to a 6.56-6.75 with 1 N NaOH. For the
DNP treated with Ferrate, volumetric dilutions of 1:2, 1:25, 1:50, 1:75, and 1:100 DNP solution
to dilution buffer were prepared. Dilution water, dilution water and seed, 300 mg L-1 DNP
solution and seed, and glutamic acid (from Standard Methods) and seed were also analyzed. A
Fisher Scientific BOD probe was used to measure dissolved oxygen of initial and final samples.
After initial readings, bottles were filled to capacity with dilution water, closed with a glass
stopper, and sealed with a plastic cap to prevent evaporation. Bottles were placed in the dark at
room temperature for five days. Final dissolved oxygen was read +/- 2 hours at the five day
point.
Total chlorine residual was measured by HACH Method 8167 using DPD total chlorine
reagent pillows for 10 mL of sample. An aliquot from each experiment was pH adjusted to 6.51
and 6.77. Ten mL of the treated sample were placed in a one-inch square sample cell and the
DPD powder packet was added. The sample was swirled for 20 seconds and then allowed to
react for three minutes before the reading was taken on the HACH 5000. Each sample was
diluted so the chlorine measurement was below 2 mg L-1 as Cl2.
Replicate samples of the 3.5 and 14: 1 stoichiometric experiments and the 300 mg L-1
stock solution were sent to Environmental Conservation Laboratories for analysis by Method
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8270D, organic semivolatiles (UESPA), including 2, 4 DNP, by GC/MS to determine the byproducts of the reaction.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction

Experiments were performed to evaluate the effectiveness of Ferrate in removing DNP.
Different dosages and pH values were tested to determine the optimal conditions for treating DI
water containing DNP, and to collect kinetic data for the reaction of Ferrate with DNP. UV 254
was used as a screening method during the reaction to indirectly measure the DNP concentration.
The reaction by-products were evaluated by performing BOD5, COD, chlorine residual, DOC,
and gas chromatography/mass spectrometry (GC/MS) tests.

4.2 UV Spectra

Two, 4 DNP was measured at a wavelength of 254 because the benzene ring absorbs
greatest at 254. Figures 5, 6, and 7 support the findings of previous technical literature; as the
concentration of DNP decreases, the absorbance at 254 decreases, indicating reduced
concentration of aromatic compounds. Also, the pH of the scans were above the pKa of DNP,
indicating that no spectral shift had occurred because the ionized form of DNP was present. The
pH of the solution in Figure 5 was 6.58, Figure 6 was 4.62, and Figure 7 was 4.46. The scans in
Figures 6 and 7 were performed after a reaction time of 17 minutes.
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Figure 5. Wavelength scan of 6 mg L-1 DNP (no Ferrate).
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Figure 6. Wavelength scan of 3.5: 1 Molar Ratio of Ferrate:DNP.
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Figure 7. Wavelength scan of 14:1 Molar Ratio Ferrate: DNP.

4.3 Optimizing pH

For each experiment, the target concentration of DNP (before dilution) was 300 mg L-1.
The DNP concentration was adjusted for dilution from acid (for pH adjustment) and liquid
Ferrate addition. All initial concentrations of DNP will refer to this diluted concentration.
The optimization experiments were used to determine the best reaction pH for removal of
DNP. Technical literature suggests that Ferrate oxidation proceeds more efficiently at pH lower
than 10 (Waite and Gilbert, 1978; Graham et al., 2004; Jiang and Wang, 2003) because the
maximum stability of Ferrate is at pH 10 (Graham et al., 2004). The test pH values chosen were
2, 4, 6, and 8.
The summary of the experiments performed can be found in Table A-1. The test pH is
the pH of the Ferrate and DNP mixture after adjustment. The dilution pH indicates the pH at
which the diluted sample of DNP, Ferrate, and acid was read on the UV spectrophotometers. At
a pH of 2, the dilution pH measured during the standard curve preparation was approximately
3.3, which is under the recommended pH of 4 for UV analysis. Gonzalez et al. (1998) noted that
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if the pH is lower than the pKa, a spectral shift may occur because the unionized form of the
compound dominates, making the absorbance lower at 254 nm, and the removal appearing
higher. The pKa of 2, 4 DNP is 4.09 (Guo et al., 2005), indicating that at a dilution pH of 3.3 as
seen for the standard curve of DNP at pH 2, the unionized form is present. The data for pH 2
(Table A-1) appear to be erroneous, because of the spectral shift phenomena. These data are not
used in this analysis.
The dosage values ranged from0.2-0.5:1 (molar ratio of Ferrate to DNP). The very low
dosages of Ferrate were due to incorrect dosage calculations. The comparison of the dosages at
different pH values are seen in Figure 8. Based on this information, a test pH of 4 was chosen
for dosage optimization and by-product analysis.

30.00

DNP Removal, %

25.00
20.00

pH 4

15.00

pH 6
pH 8

10.00
5.00
0.00
3

4

5

6

7

8

9

Test pH

Figure 8. Comparison of the test pH on DNP Removal at similar dosages.
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4.4 Kinetic Experiments

Kinetic data are presented in Figures 9 – 11 where it can be seen the reaction of Ferrate

DNP Concentration, mg L-1

with DNP at pH 4, 6, and 8 occurs rapidly. Time zero refers to the calculated diluted

300.0
250.0
200.0
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Figure 9. pH 4 reaction data at various molar ratios of Ferrate : DNP (average of duplicates).
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Figure 10. pH 6 reaction data at approximately 4.2 molar ratio of Ferrate to DNP.
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Figure 11. pH 8 reaction data for approximately 5.5 molar ratio of Ferrate to DNP.

concentration of DNP. Time two minutes was the reading taken just after pH adjustment at
which point the majority of the reaction had occurred. A slight decline occurred over the next 15
minutes after Ferrate addition These results again concur with Waite and Gilbert (1978). They
saw very rapid reaction between 0 and 5 minutes, and only a small amount of loss thereafter.
Sharma et al. (2005) also noted that reactions between Ferrate and several sulfur and nitrogen
containing compounds happened within seconds to minutes. For example, the half-life of
hydrogen sulfide when reacting with Ferrate at a pH of 7 is 2.6 x 10-4 seconds.

4.5 Dosage Optimization with pH 4

Figure 12 shows DNP removal by Ferrate at various pH values. The greatest removal of
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Figure 12. Effects of molar ratio on DNP removal at various pH values.

DNP occurred at the highest molar ratio of Ferrate to DNP, 14 : 1. Although higher efficiencies
are observed at higher dosages, decreasing removal is achieved with incremental addition of
Ferrate. Figure 12 supports the pH optimization data, indicating that at similar molar ratios of
Ferrate, a test pH of 4 removes the highest percentage of DNP, although pH 6 and 8 performed
similarly. These results are similar to the findings of Waite and Gilbert (1978) who concluded
that higher molar ratios of Ferrate, up to 10:1, to substituted benzene ring organic substances
such as allylbenzene, chlorobenzene, benzene, and 1-hexene-4-ol, resulted in greater reduction of
substrate concentrations. Also noted was that there was an increase in reactivity at pH values
lower than 8. Similarly, Graham et al., (2004) determined that at molar ratios of 5:1, Ferrate :
trichlorophenol (TCP), dichlorophenol (DCP), and chlorophenol (CP), substrate was oxidized
most efficiently at pH values of 7, 8, and 9.2, respectively, than at lower ratios. Above and
below the pH values mentioned, oxidation of the substrate was much less, especially below pH
10. Also, Batarseh et al. (2006) noted that organic matter removal by Ferrate from leachate was
greater at pH values below 5.
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4.6 Reaction Products

The 4.7 and 14 Ferrate : DNP molar ratio experiments were chosen to determine the
chemical oxygen demand and the chlorine residual. The 3.5 and 14 experiments molar ratio
experiments were chosen to determine DOC, BOD5, and reaction products by GC/MS. The
results of the experiments are shown in Table 1.

Table 1. Summary of Reaction Product Tests (average of duplicates).
3.5:1 Molar
4.7:1 Molar
14:1 Molar
Ratio,
Ratio,
Ratio,
Ferrate:DNP
Ferrate:DNP
Ferrate:DNP
Parameter
Initial
Final
Initial
Final
Initial
Final
DNP concentration,
mg L-1

284

117

232

37

222

38

COD, mg L-1 as
COD

-

-

419

*

419

*

DOC calculated, mg
L-1 as C

111

46

-

-

87

15

DOC measured, mg
L-1 as C

-

71

-

-

-

5

BOD5, mg L-1

0

0

-

-

0

0

Cl2 Residual, mg L-1
as Cl2

-

-

-

112

-

594

* Results not measured because of chloride interference
- Not measured

The absorbance of treated samples of DNP were over the range (1500 ppm) of the HACH
spectrophotometer for the COD test. Chloride interference may have occurred in the Ferrate
treated samples. The chloride can react with silver to precipitate silver chloride, creating high
turbidity which causes erroneously high results (Standard Methods, 1998). The calculated
chloride concentration was 5,400 and 14,400 mg L-1 for the 4.7 and 14 Ferrate to DNP tests.
Raw data for the COD tests can be seen in Appendix A, Table A-2.
The theoretical dissolved organic carbon (DOC) values for treated samples were
calculated using the measured DNP concentrations. The 3.5: 1 measured DOC was
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approximately 35% higher than the calculated value, indicating the presence of organic matter
resulting from ring breakage. The 14: 1 measured DOC was lower than the calculated DOC,
indicating that the DNP concentration may have been overestimated by the UV 254 data because
of human error or by-product formation. Raw data can be seen in Table A-3.
BOD5 raw data are shown in Tables A-4, 5, 6, and 7. No significant changes in dissolved
oxygen were seen for any test. These results indicated toxicity, because even at low dilutions
(1:100, DNP: dilution water), no dissolved oxygen consumption occurred. Toxicity could be due
to the excess chlorine used to synthesize Ferrate, because of remaining DNP, and/or other byproducts of oxidation. Also, the seed source used for microorganisms was not acclimated to the
mixture.
Chlorine residual data for each test are presented in Tables A-8 and 9, results in Table 1.
The chlorine residual for the 14:1 Ferrate experiments was approximately 430% higher than the
4.7 Ferrate experiments. At 594 and 112 mg L-1as chlorine (Cl2), respectively, chlorine residuals
may create problems if wastewater is directly discharged to surface waters. For example, the
recommended residual chlorine discharge for industrial wastewaters is 1mg L-1 as chlorine (Cl2)
from the Florida Department of Environmental Protection (FDEP, 2007).
A summary table describing the by-products for the 3.5 Ferrate to DNP reaction is
presented in Table 2. For the complete report from the laboratory, see Appendix C.

Table 2. 3.5:1 Ferrate to DNP Summary of By-Products.
Analyte

Average
Concentration,
mg L-1

2, 6-dichloro-4-nitro-Phenol
2-chloro-4, 6-dinitro-Phenol
Carbon Tetrachloride
2, 4-Dinitrophenol

1.95
44.2
4
<2.4
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The primary by-products are substituted aromatic compounds. Apparently, the chlorine from the
Ferrate recipe replaces a hydrogen at the 6-carbon position on the benzene ring in the first
product, 2, 6-dichloro-4-nitro-Phenol. The nitro group at the second position is substituted with a
chlorine as well, while the nitro at the fourth position remains. The second analyte, 2-chloro-4, 6dinitro-Phenol, also replaces a nitro group in the second position with a chlorine. The nitro
groups are now arranged in the 4 and 6-positions. Lenke et al. (1992) noted that certain types of
2,4 DNP degrading bacteria can also degrade 2-chloro-4, 6-dinitrophenol. No information about
adverse effects to humans or the environment was found on 2, 6-dichloro-4-nitro-Phenol or 2chloro-4, 6-dinitro-Phenol. The third product, carbon tetrachloride indicates that ring breakage
occurred during the reaction of Ferrate and DNP at ratios of 3.5: 1. Carbon tetrachloride is
regulated by the EPA and cannot exceed 0.005 mg L-1 in drinking water (USEPA 2003). Longterm exposure can cause liver or kidney damage.
The by-products of the 14: 1 Ferrate to DNP reactions are listed in Table 3. For the full
Table 3. 14:1 Ferrate to DNP Summary of By-Products.
Analyte

Average
Concentration,
mg L-1

2, 3-dichloro-2-methyl-Butane
Carbon Tetrachloride
Dichloro-cyclopentane Isomer (1)
Dichloro-cyclopentane Isomer (2)

25
2.8
70
4.0

Dichloro-cyclopentane Isomer (3)
2, 4 DNP
Uknown straight chain chlorinated
compounds

3.6
<2.4
2.2-26

laboratory report, see Appendix C. The most prominent by-product was 2, 3-dichloro-2-methylButane at approximately 25 mg L-1. No information about effects to humans or the environment
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was found on 2, 3-dichloro-2-methyl-Butane. The second known by-product was carbon
tetrachloride at an average of 2.8 mg L-1. Cyclopentane isomers 1, 2, and 3 were also prominent,
at 70, 4.0, and 3.6 mg L-1, respectively. Cyclopentane is not on the Drinking water CCL nor is it
listed under primary drinking water standards. It is believed to cause irritation to skin and for
long term exposure, can cause cracked skin, irritation to the eyes and lungs, or even coma (New
Jersey Department of Health and Senior Services, NJDHSS, 2001). No other long term effects
are known. Because cyclopentane rings and carbon tetrachloride formed, Ferrate may have
broken the 6-chain carbon. Another possibility is that the carbon-carbon bond is being broken in
the absence of Ferrate. By comparing the two GC/MS results for the two different stoichoimetric
reactions, it is evident that much lower concentration of aromatic compounds remain at the 14:1
Ferrate to DNP molar ratios.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Ferrate is a suitable treatment for destruction of DNP. In summary, the conclusions of
these experiments are as follows:
•

The levels of removal, confirmed by UV 254 and GC/MS, increase with higher Ferrate to
DNP ratios. Removal of DNP increases with decreasing pH. This is likely due to the
unionized form of DNP being more readily oxidized. Of the pH values tested, Ferrate
has the highest oxidation capacity of DNP at pH 4 when dose is held constant. The
combination of 14: 1 (Ferrate: DNP) and pH 4 provided the most successful treatment
with 87% removal of DNP.

•

BOD5 results indicate toxicity, most likely because of the chlorine residual and organisms
non-acclimated to DNP and by-products.

•

COD results were inconclusive because of chloride interference.

•

DOC results indicated ring breakage for both molar ratios tested.

•

Chlorine residuals were high for both experiments at 112 and 594 mg L-1, for the 3.5 and
14: 1 Ferrate to DNP molar ratios, respectively.

•

More ring breakage occurs at higher dosages as seen by the results of the DOC, GC/MS
and UV analyses, indicating a greater oxidation capacity of Ferrate in excess of the
stoichiometric requirement.
Future studies should involve evaluating the effectiveness of Ferrate on effluent from

industrial wastewater streams containing DNP. GC/MS or HPLC should be used as a more
definitive means of quantifying and identifying the by-products, since in such a complex
wastewater, many compounds will be competing for oxidation by Ferrate. Also, higher dosages
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of Ferrate should be evaluated to determine if any further oxidation occurs, such as breaking the
cyclopentane rings that were formed during the 14: 1 Ferrate to DNP experiments. Higher
dosages of Ferrate may also provide better conditions to determine a kinetic rate constant. Other
future studies could include using a reducing agent for the nitro groups before oxidation to
determine if oxidation could be more efficient. Like Batarseh et al. (2007), a study could be
performed to compare the oxidation and the physical removal of DNP by Ferrate.
To avoid chlorine substitution on the by-products, a different formula for Ferrate
synthesis could be used. A formula with sub-molar sodium hypochlorite dosages for the
dissolution phase of the reaction to synthesize Ferrate would be less likely to cause chlorine
substitution and high chlorine residual. The by-products may be less harmful to the environment
if chlorine is not present, and could also be less toxic.
This research can provide a basis of study for more complex reactions of Ferrate with
substrates and can also be applicable to large-scale engineering uses, such as industrial
wastewater treatment. Furthermore, this research supports the conclusion of others, that Ferrate
is a strong oxidizer which can be used in water and wastewater treatment for the oxidation of
organic compounds.
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APPENDIX A: RESULTS SUMMARY TABLES
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Table A- 1. Summary of experiments.
Molar
ratio of
Ferrate :
Initial DNP
Test
Dilution
1 mole
concentration,
pH
pH
DNP
mg L-1
2
*
0.3
298.0
2
*
0.4
295.0
2
*
0.4
302.0
2
*
0.5
303.0
2
*
0.4
301.0
4
*
0.3
296.0
4
*
0.3
298.0
4
5.07
5.2
271.0
4
4.34
5.1
276.0
4
4.49
3.5
291.0
4
4.62
3.5
262.0
4
*
3.5
286.0
4
*
14.0
231.0
4
4.46
14.0
192
4
*
14.0
218.0
4
*
14.0
226.0
4
4.43
14.0
204.0
6
*
0.2
298.0
6
*
0.2
298.0
6
6.88
4.4
274.0
6
5.6
3.9
278.0
8
*
0.2
298.0
8
*
0.3
298.0
8
*
0.3
290.0
8
*
0.4
302.0
8
*
0.5
300.0
8
*
0.5
301.0
8
6.75
5.1
267.0
8
7.02
6.0
278.0
* pH not measured
Table A- 2. COD Results.
Vial
Contents
1
Un-filtered, 150% Stoichiometry
2
Filtered, 150% Stoichiometry
3
5
6

300 mg L-1 DNP solution
Un-filtered, 50% Stoichiometry
Filtered, 50% Stoichiometry

Final DNP
concentration,
mg L-1
141.0
81.0
44.0
39.0
44.0
226.0
233.0
50.0
76.0
70.0
110.0
117.0
41.0
31
36.0
39.0
24.0
246.0
272.0
137.0
152.0
275.0
232.0
247.0
293.0
286.0
284.0
104.0
100.0

COD, mg/L as COD
>1500
>1500
419
>1500
>1500

36

Table A- 3. DOC Experimental ValuesTable.
Average DOC
Stoichiometry Experiment
Rep
Concentration,
mg/L C
14
14
14
3.5
3.5

1
2
2
1
2

1
1
2
2
1

Concentration
with dilution,
mg/L

6.21
4.52
4.49
6.92
7.34

N/A
N/A
N/A
69.21
73.37

Table A- 4. BOD5 data for 14: 1 Ferrate : DNP.
Bottle Contents
DOi
DOf mL Treated DNP
Dil H2O
8.22
8.2
0
Dil H2O +seed
8.23
8.19
0
Seed + gl acid
8.21
5.58
0
300 ppm DNP + seed
8.07
8.25
0
1:2
8.68
8.73
150
1:25
8.29
8.28
12
1:50
8.28
8.29
6
1:75
8.29
8.26
4
1:100
8.36
8.27
3

Table A- 5. BOD5 data for 14: 1 Ferrate : DNP, Run 2.
Bottle Contents
DOi
DOf
mL Treated DNP
Dil H2O
8.22
8.2
0
Dil H2O +seed
8.23
8.19
0
Seed + gl acid
8.21
5.58
0
300 ppm DNP +
seed
8.07
8.25
0
1:2
8.8
8.73
150
1:25
8.29
8.28
12
1:50
8.26
8.29
6
1:75
8.25
8.26
4
1:100
8.25
8.27
3
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Δ DO
0.02
0.04
2.63
-0.18
-0.05
0.01
-0.01
0.03
0.09

BOD 5
N/A
N/A
N/A
N/A
0.01
-0.01
-0.02
-0.02
-0.02

Δ DO
0.02
0.04
2.63

BOD 5
N/A
N/A
N/A

-0.18
0.07
0.01
-0.03
-0.01
-0.02

N/A
0.0002
-0.0025
-0.01167
-0.0125
-0.02

Table A- 6. BOD5 data for 3.5: 1 Ferrate to DNP.
Bottle Contents
DOi
DOf mL Treated DNP
Dil H2O
8.18
7.99
0
Dil H2O +seed
8.2
8.14
0
Seed + glutamic acid
8.21
5.58
0
300 ppm DNP + seed
8.07
8.25
0
1:2
10
9.08
150
1:25
8.33
8.34
12
1:50
8.27
8.3
6
1:75
8.25
8.29
4
1:100
8.24
8.25
3

Δ DO
0.19
0.06
2.63
-0.18
0.92
-0.01
-0.03
-0.04
-0.01

BOD 5
N/A
N/A
N/A
N/A
0.01
-0.01
-0.02
-0.02
-0.02

Table A- 7. BOD5 data for 3.5: 1 Ferrate to DNP, Run 2.
Bottle Contents
DOi
DOf mL Treated DNP
Dil H2O
8.18
7.99
0
Dil H2O +seed
8.2
8.14
0
Seed + glutamic acid
8.21
5.58
0
300 ppm DNP + seed
8.07
8.25
0
1:2
9.8
8.96
150
1:25
8.25
8.29
12
1:50
8.24
8.3
6
1:75
8.23
8.28
4
1:100
8.22
8.23
3

Δ DO
0.19
0.06
2.63
-0.18
0.84
-0.04
-0.06
-0.05
-0.01

BOD 5
N/A
N/A
N/A
N/A
0.01
-0.01
-0.02
-0.03
-0.02

Table A- 8. Chlorine residual for 14: 1 Ferrate to DNP.
Concentration
Sample time,
Concentration,
with dilution,
minutes
mg/L
mg/L as Cl2
15, Rep 1
1.49
596
15, Rep 2
1.48
592
AVERAGE
594

Table A- 9. Chlorine Residual for 4.7: 1 Ferrate to DNP.
Concentration
Sample time,
Concentration,
with dilution,
minutes
mg/L
mg/L as Cl2
15, Rep 1
0.52
104
15, Rep 2
0.6
120
AVERAGE
112

38

APPENDIX B: RAW DATA

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

APPENDIX C: ENCO LABORATORY REPORT

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

REFERENCES
APHA, 1998. Standard methods for the examination of water and wastewater, 20th edition.
American Public Health Association, American Water Works Association, Water
Environment Federation, Washington, DC.
Batarseh, E., Reinhart, D. R., and Daly, L., 2007. Liquid sodium ferrate and Fenton’s reagent for
treatment of mature landfill leachate. Journal of Environmental Engineering, 133 (11),
1041-1050.
Bouzek, K., Schmidt, M. J., and Wragg, A. A., 2000. Influence of electrolyte hydrodynamics on
current yield in ferrate (VI) production by anodic iron dissolution. Collection of
Czechoslovakian Chemical Communications, 65, 133-140.
Canizares, P., Saez, C., Lobato, J., Rodrigo, M. A., 2004. Electrochemical treatment of 2,4dinitrophenol aqueous wastes using boron-doped diamond anodes. Electrochimica Acta,
49, 4641–4650.
Carr, J., D., Kelter, P. B., Tabatabii, A., Aplichal, D., Erickson, J., and McLaughlin, C. W., 1985.
Properties of ferrate (VI) in aqueous solution: an alternate oxidant in wastewater
treatment. Proceedings of Conference on Water Chlorination Chemical Environment
Impact Health Effect. Chelsea, Michigan: Lewis Publisher, 1285-1298.
Chen Y., Senesi N., and Schnitzer M., 1977. Information provided on humic substances by
E4/E6 ratios. American Journal of Soil Science Society. 41, 352-358.
Dedushenko, S. K., Perfiliev, Y. D., Golubev, A. M., Melnikov, P., Corbi, P. P., and Saprykin A.
A., 2001. X-ray and Mossbauer study of mixed potassium-sodium ferrate (VI).
Hyperfine Interactions, C5, 277-280.
Dedushenko, S. K., Perfiliev, Y. D., Goldfiel, M. G., and Tsapin, A. I., 2001. Mossbauer study
of sodium ferrates (IV) and (VI). Hyperfine Interactions, 136 (3), 373-377.
Delaude, L. and Laszlo, P., 1996. A novel oxidizing reagent based on potassium ferrate (VI).
Journal of Organic Chemistry, 61, 6360-6370.
DeLuca, S. J., Chao, A. C., and Smallwood, C., Jr., 1983. Removal of organic priority pollutants
by oxidation-coagulation. Journal of Environmental Engineering, 109 (1), 36-46.
De Luca, S. J., Cantelli, M., and De Luca, M. A., 1992. Ferrate vs. traditional coagulants in the
treatment of combined industrial wastes. Water Science and Technology, 26 (9-11),
2077-2080.
Denvir, A. and Pletcher, D., 1996. Electrochemical generation of ferrate part I: dissolution of
an iron wool bed anode. Journal of Applied Electrochemistry, 26, 815-822.

100

Franklin, G. S., 1998. Novel iron precipitates. PhD thesis, Imperial College, London.
Gemini, V. L., Gallego, A., Tripodi, V., Corach, D., Planes, E. I., Korol, S. E., 2007. Microbial
degradation and detoxification of 2, 4-dinitrophenol in aerobic and anoxic processes.
International Biodeterioration and Biodegradation, 60, 226-230.
Goff, H. and Murmann, R. K., 1971. Studies on the mechanism of isotopic oxygen exchange
and reduction of ferrate (VI) ion (FeO42-). Journal of the American Chemical Society,
93 (23), 6058-6065.
Gonzalez et al., 1998. Techniques and Instrumentation in Analytical Chemistry. In: Thomas,
O. and Burgess, C., editors. UV-visible Spectrophotometry of Water and Wastewater,
Volume 27. Kidlington, Oxford, UK: Elsevier, 76-83.
Graham, N., Jiang, C., Li, X., Jiang, J., Ma, J., 2004. The influence of pH on the degradation of
phenol and chlorophenols by potassium ferrate. Chemosphere, 56, 949-956.
Gump, J. R., Wagner, W. F., and Schreyer, J. M., 1954. Preparation and analysis of barium
ferrate (VI). Journal of the American Chemical Society, 26, 1957-1957.
Guo, Z., Zheng, Z., Zheng, S., Hu, W., Feng, R., 2005. Effect of various sono-oxidation
parameters on the removal of aqueous 2,4-dinitrophenol. Ultrasonics Sonochemistry, 12,
461–465.
Herber, R. H. and Johnson, D., 1979. Lattice dynamics and hyperfine interactions in M2FeO4
(M = K+, Rb+, Cs+). Journal of Solid State Chemistry, 8, 43-49.
Hess, T. F., Schmidt, S., Silverstein, J., and Howe, B., 1990. Supplemental Substrate
Enhancement of 2,4-Dinitrophenol. Applied and Environmental Microbiology, 15511558.
Jiang, J., Lloyd, B., and Grigore, L., 2001. Preparation and evaluation of potassium ferrate as an
oxidant and coagulant for potable water treatment. Environmental Engineering Science,
18 (5), 323-328.
Jiang, J. Q. and Lloyd, B., 2002. Progress in the development and use of ferrate (VI) salt as an
oxidant and coagulant for water and wastewater treatment. Water Research, 36, 13971408.
Jiang, J. and Wang, S., 2003. Enhanced coagulation with potassium ferrate (VI) for removing
humic substances. Environmental Engineering Science, 20 (6), 627-633.
Jiang, Q. J., Wang, S., and Panagoulopoulos, A., 2005. The exploration of potassium ferrate
(VI) as a disinfectant/coagulant in water and wastewater treatment. Chemosphere, 63 (2),
212-219.

101

Jiang, J. Q., 2007. Research progress in the use of ferrate (VI) for the environmental
remediation. Journal of Hazardous Materials, 146, 617-623.
Johnson, M.D. and Sharma, V.K., 1999. Kinetics and mechanism of the reduction of ferrate by
one-electron reductants. Inorganic Chimica Acta, 293, 261-269.
Kavitha, V. and Palanivelu, K., 2005. Degradation of nitrophenols by Fenton and photo-Fenton
processes. Journal of Photochemistry and Photobiology A: Chemistry, 170, 83–95.
Kazama, F., 1994. Inactivation of the coliphage Qβ by potassium ferrate. FEMS Microbiology
Letter, 118, 345-350.
Kiselev, Y. M., Kopelev, N. S., Zav’yalova, N. A., Perfiliev, Y. D., and Kazin, P. E., 1989. The
preparation of alkali metal ferrates (VI). Russian Journal of Organic Chemistry, 34,
1250-1253.
Kopelev, N. S., Perfiliev, Y. D., Kiselev, Y. M., Mossbauer stud of sodium ferrates (IV) and
(VI). Journal of Radioanalysis and Nuclear Chemistry, 162 (2), 239-251.
Lee, D. G. and Chen, T., 1991. The oxidation of alcohols by permanganate. A comparison with
other high-valent transition-metal oxidants. Journal of Organic Chemistry, 56, 53415345.
Lee, D. G. and Gai, H., 1993. Kinetics and mechanism of the oxidation of alcohols by ferrate
ion. Canada Journal of Chemistry, 71, 1394-1400.
Lee, Y., Cho, M., Kim, J., and Yoon, J., 2004. “Chemistry of ferrate (Fe (VI)) in aqueous
solution and its applications as a green chemical.” J. Ind. Eng. Chem. (Seoul, Repub.
Korea), 10 (1), 161–171.
Lenke, H., Pieper, D. H., Bruhn, C., Knackmuss, H. J., 1992. Degradation of 2, 4-dinitrophenol
by two Rhodococcus erythropolis strains, HL 24-1 and HL 24-2. Applied and
Environmental Microbiology, 58 (9), 2928-2932.
Lescuras-Darrou, V., Lapicque, F., and Valetin, G., 2002. Electrochemical ferrate generation for
wastewater treatment using cast irons with high silicon contents. Journal of Applied
Electrochemistry, 32, 57-63.
Ma, J. and Liu, W, 2002. Effectiveness and mechanism of potassium ferrate (VI) preoxidation
for algae removal by coagulation. Water Research, 36, 871-878.
Marvin-Sikkema, F. D. and de Bont, J. A., M., 1994. Degradation of nitroaromatic compounds
by microoganisms. Applied Microbiology and Biotechnology, 42, 499-507.
Murmann, R. H. and Robinson, P. R., 1974. Experiments utilizing FeO42- for purifying water.
Water Research, 8, 543-547.

102

Myllykangas, T., Nissinen, T. K., Rantakokko, P., Martikainen, P. J., Vartiainen, T., 2002.
Molecular size fractions of treated aquatic humus. Water Research, 36, 3045-3053.
Neveux, N., Aubertin, N., Gerardin, R., and Evrard, O., 1994. Stabilized Ferrates (VI):
synthesis method and applications. In: Klute R., and Hahn, H. H., editors. Chemical
Water and Wastewater Treatment III. Berlin Heidelberg: Springer, 95-103.
Neveux, N., Kanari, N., Aubertin, N., and Evrard, O., 1999. Synthesis of stabilized potassium
ferrate and its applications in water treatment. EPD Congress 1999 Process Session
Symposium, 215-224
New Jersey Departmnet of Health and Senior Services, 2001.
http://nj.gov/health/eoh/rtkweb/documents/fs/0583.pdf
Nikolaou, A. D. and Lekkas, T. D., 2001. The role of natural organic matter during formation of
chlorination by-products: a review. Acta Hydrochim. Hydrobiol., 29 (2-3), 63-77.
Owen, D. M., Amy, G. L., Chowdhury, Z. K., Paode, R., McCoy, G., Viscosil, K., 1995. NOM
characterization and treatability. Journal of American Water Works Association, 87, 4663.
Perez I., V., Rogaka, S., and Branion, R., 2004. Supercritical water oxidation of phenol and 2,4dinitrophenol. Journal of Supercritical Fluids 30, 71–87.
Perfiliev, Y. D. and Sharma, V. K., 2004. Ferrate (VI) Synthesis: Dry and Wet Methods.
Proceedings of the International Symposium Innovative Ferrate (VI) Technology in
Water and Wastewater Treatment. May 31, 2004, Prague, Czech Republic.
Potts, M. E. and Churchwell, D. R., 1994. Removal of radionuclides in wastewaters utilizing
potassium ferrate (VI). Water Environment Research, 66, 107-109.
Read, J. F., John, J., MacPherson, J., Schaubel, C., and Theriault, A., 2001. The kinetics and
mechanism of the oxidation of inorganic oxysulfur compounds by potassium ferrate. Part
I. Sulfite, thiosulfate and dithionite ions. Inorganic Chimica Acta, 315, 96-106.
Read, J. F., Graves, C.R., and Jackson, E., 2003. The kinetics and mechanism of the oxidation of
the thiols 3-mercapto-1-propane sulfonic acid and 2-mercaptonicotinic acid by potassium
ferrate. Inorganic Chimica Acta, 348, 41-49.
Scholder, R., Bunsen, H. V., and Zeiss, W., 1956. Orthoferrates (IV). Z. anorg. U. allgem.
Chem., 283, 330-337.
Scholder, R., 1962. Recent investigations on oxometallates and double oxides. Anges. Chem.,
1, 220-224.

103

Sharma, V. K., 2004. Use of iron (VI) and iron (V) in water and wastewater treatment. Water
Science and Technology, 49 (4), 69-74.
Sharma, V. K., Kazama, F., Jiangyong, H., and Ray, A. K., 2005. Ferrates (iron (VI) and iron
(V)): environmentally friendly oxidants and disinfectants. Journal of Water and Health,
3 (11), 45-58.
Sharma, V. K., 2007. Disinfection performance of Fe (VI) in water and wastewater: a review.
Water Science and Technology, 55 (1-2), 225-232.
Singer, P. C., 1999. Humic substances as precursors for potentially harmful disinfection byproducts. Water Science and Technology, 40, 25-30.
Stupin, D. Y. and Ozernoi, M. I., 1995. Coprecipitation of 152Eu with iron (III) hydroxide
formed upon reduction of sodium ferrate (VI) in aqueous medium. Radiochemistry, 37,
329-332.
Tchobanoglous, G., Burton, F. L., and Stensel, H. D., 2003. Wastewater Engineering Treatment
and Reuse, 4th edition. Metcalf an Eddy, editors. New York, New York: Tata McGrawHill, 93-97.
Thompson, G. W., Ockerman, L. T., and Schreyer, J. M., 1951. Preparation and purification of
potassium ferrate VI. Journal of the American Chemical Society, 73, 1379-1381.
United States Environmental Protection Agency, 2000.
http://www.epa.gov/ttn/atw/hlthef/dinitrop.html
United States Environmental Protection Agency, 2001.
http://www.epa.gov/safewater/ucmr/ucmr1/pdfs/fs_ucmr1_screening_large_sys.pdf
United States Environmental Protection Agency, 2003. Fact sheet for state of Florida domestic
wastewater facility.
United States Environmental Protection Agency, 2005.
http://www.epa.gov/safewater/ccl/pdfs/fs_ccl2_final-02-23-05.pdf
Waite, T.D. and Gilbert, M., 1978. Oxidative destruction of phenol and other organic water
residuals by iron (VI) ferrate. Journal Water Pollution Control Federation, 50 (3), 543551.
Waite, T. D., 1979. Feasibility of wastewater treatment with ferrate. Journal of the
Environmental Engineering Division, 105, 1023-1034.
Waite, T. D. and Gray, K.A., 1984. Oxidation and coagulation of wastewater effluent utilizing
ferrate (VI) ion. Studies in Environmental Science, 23, 407-420.

104

White, D. A. and Franklin, G. S., 1998. A preliminary investigation into the use of sodium
ferrate in water treatment. Environmental Technology, 19, 1157-1160.
Wood, R. H., 1958. The heat, free energy and entropy of the ferrate (VI) ion. Journal of the
American Chemical Society, 80, 2038-2041.
Yoon, J. H., Cho, Y. G., Kang, S. S., Kim, S. B., Lee, S., T., and Park, Y., H, 2000.
Rhodococcus koreensis sp. nov., a 2, 4-dinitrophenol-degrading bacterium. International
Journal of Systematic and Evolutionary Microbiology, 50, 119-1201.
Zhang, H., Choi, H., and Huang, C., 2006. Treatment of landfill leachate by Fenton’s reagent in
continuous stirred tank reactor. Journal of Hazardous Material, 136 (3), 618-623.

105

